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D ig ita l- im ag in g  m icroscop y  w as perform ed to study  
the effect o f  C oxsack ie  B3 virus infection on the 
cytoso lic  free ( V  concentration  and the C a2 * content  
o f  (he en d op lasm ic  reticulum  (ER), During the course  
o f  infection  a gradual increase in the cytosolic free 
C'a2 ' concentration  w as  observed , clue to the influx 
o f  extrace llu lar  C a 2 \  T h e  C u2 * content of the ER  
decreased  in tim e with k inetics  inversely proportional  
to those o f  viral protein synthesis* Individual expression  
o f  protein  2B w as sufficient to induce the influx of  
extrace llu lar  ( 'a 2 ' and to release C a2i from KR stores. 
A nalys is  o f  m u ta n t  2B proteins show ed that both a 
cation ic  a m p h ip a th ic  a -h e l ix  and  a second hydrophobic  
d o m a in  in 2B were required for these activities. Consist­
ent with a p resu m ed  ability o f  protein 2B to increase  
m e m b r a n e  perm eability ,  viruses carrying a mutant 2B  
protein  exhib ited  a defect in virus release, We propose  
that 2B gradually  enhances  m em b ran e  permeability,  
thereby  d isrupting  the intracellu lar C a2f homeostasis  
and u lt im ately  causing  the m em b ra n e  lesions that allow  
release o f  virus progeny.
Keywords:  endoplasmic reticulum/enterovirus/ 
intracellular calcium concentration/virus-host 
interactions
Introduction
The genus Enterovirus o f  the family of Picornaviridae 
comprises polioviruscs, Coxsackie group A and B viruses, 
H n i t )  viruses and several unnamed enteroviruses. The 
molecular biology o f  these cytolytic animal viruses is 
relatively well known* mainly from the extensive studies
♦  w
on poliovirus, Enteroviruses are non-enveloped viruses 
that contain a single-stranded RNA genome o f  positive 
polarity. After cell entry and virion uncoaling, the RNA  
molecule acts as an m RNA directing the synthesis o f  
a single polyprotein. This polyprotein is subsequently 
processed by virus-encoded pro teases to produce the 
structural capsid proteins and the non-structural proteins 
that have been implicated in viral RNA (vRNA) replication 
(lor review see Porter, 1993; Wimmer et a l ,  1993). For 
replication, the genom ic RNA is used as a template to
synthesize a complementary minus-strand, which, in tarn, 
is transcribed into new molecules o f  RNA. Plus-strand 
RNA synthesis occurs at the outer surface of virus-induced 
membranous vesicles that proliferate and accumulate in 
the cytoplasm of infected cells (Bienz e t  a l ,  1994). During 
infection, enteroviruses induce a number o f  alterations in 
metabolic functions and morphological structures o f  the 
cell, most o f  which serve to facilitate viral replication. 
These include inhibition of host cell protein and R N A  
synthesis (Holland, 1962; Ehrenfeld, 1982), stimulation
ol lipid synthesis (Mosser et a l , 1972) and inhibition o f  
vesicular protein transport (Doedens and Kirkegaard,
1995).
The molecular mechanism employed by enteroviruses 
to induce cell lysis and release virion progeny is largely 
unknown. Cell lysis is presumably the ultimate result o f  
the increase in plasma membrane permeability that occurs 
from the third hour post-infection (Carrasco, 1995). This 
modification is such that gradients of monovalent ions are 
gradually destroyed and compounds that normally do not 
pass the membrane leak out o f  the cell or flow into the 
cytoplasm (Carrasco, 1995). It has long been thought that 
either the bulk o f  viral gene expression or the formation 
and accumulation of virus particles is responsible for 
enhancing membrane permeability and lysis o f  the cell. 
However, recent data suggest that a single viral protein may 
be responsible for the enhancement o f  plasma membrane  
permeability: individual expression o f  the 2B proteins o f  
both poliovirus and Coxsackievirus in mammalian cells 
led to an increased permeability of the plasma membrane  
to the non-pcrmeative translation inhibitor hygromycin B 
(Doedens and Kirkegaard, 1995; van Kuppeveld et a l , 
1997), Increased membrane permeability w as also 
observed in Escherichia coll cells that expressed protein 
2B (Lama and Carrasco, 1992), The mechanism o f  this 
activity and its relevance to the viral life cycle remain to 
be established. No experiments have yet directly addressed 
the role o f  2B, or any other viral protein, in virus release 
or cell lysis.
Enterovirus 2B is a small hydrophobic protein that has 
been localized at the rough ER membrane and the outer 
surface of the ER-derived membranous vesicles at which  
plus-strand RNA replication takes place (Bienz et a l , 
1987, 1994). Biochemical analysis o f  the isolated vesicles  
confirmed that the membranes are derived at least in part 
from the ER (Schlegel et a 1996). The ER is the major 
intracellular store of Ca2+ ions (Carafoli, 1987) Based  
on its localization and proposed potential to modify  
membrane permeability, we hypothesized that protein 2B 
might release Ca2'H from internal stores. To examine this, 
we measured the intracellular Ca24' concentration ([Ca2+]}) 
and the Ca2* content o f  the ER in Coxsackie B3 virus 
(CB V3)-infected cells. Here, we demonstrate that the Ca2+ 
gradients maintained by the plasma membrane and ER
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Ki«. 1. [C \r  + ]j during CBV3 infection, HeLa cells grown on coverslips weie inlected with CHV,* at an m o i  ul' »'5 T t ‘UK„ per col! U«r 31) min al 
room température and grown at 37l’t \  The cells weie loaded with tlu* lluoresccnf t ’a* ' indicator lut a 2 0 . 5  j.iM» lot *0 mm at starting at
.......................... ' ' ‘ KiiMnt* on
H T
urn intensities
measured at 340 and 380 nm as described in Materials and methods
I  I W  l | | |  P V  I. %  U H M ^ 4  V f  U | « | k * t  V  I I  M V  U  " î f  V  #  H  I '  > I n i  M M ^ M  ^  ^  X  M « ^  * 1 1 ^  * t  W T «  • '  |P *  ^ *■ ? ^  T t f  f  1 t I  '  n * ■
31) min be lore the indicated times. At each time, the |O u"T I, in 250 individual cells was determined u m i h ï  diettal-im.t^tih; m u i o s v o p y ,  [« 
independently chosen cells lying in different areas of the coverslip. The | t \ r  ’ K « a s  calculated hu*m the tluorescence ratio i»l the chunm»
ntetnbrune are disrupted during infection. Individual 
expression o f  protein 2B appeared to be sufficient to 
induce these effects. Analysis o f  mutant 2B proteins 
showed that both a cationic amphipathie a-hetix and 
a second hydrophobic domain were required for these 
activities. The ability o f  protein 2B to enhance membrane 
permeability served to facilitate virus release. The increase
T l *
in [Ca** ]j further potentiated virus release. We propose 
that protein 2B by forming membrane-embedded pores 
accounts for the disturbance o f  the intracellular C'a'* 
homeostasis and, ultimately, the formation o f  the mem-
i r
brane lesions that allow virus release. A putative function 
o f  the release o f  HR-stored Ca2 * in the assembly o f  the
»
viral replication complex is proposed.
Results
Enhanced intracellular Ca2* concentration during 
Coxsackie B3 virus infection
To monitor the [Ca2 - ]t during CBV3 infection, we carried 
out digital-imaging microscopy using the fluorescent Ca' ‘ 
indicator fura-2. HeLa ceils grown on coverslips were 
infected with wild-type CBV3 at a multiplicity o f  infection 
( n u ü . )  o f  25 TCID5,, (5()9f tissue culture infective doses)  
per cell. At various times post-infection (p .ij ,  the |C a 2 ' )> 
in 250 individual cells  was determined. The basal [Ca“* j, 
in uninfected HeLa cells was -2 0  nM . Figure I shows  
that the [Ca: * ], in infected ceils gradually increased from
2 h p.i. CVUs that show ed the highest |C a; " |p which were 
also those that exhibited the most severe cytopathic effects  
(e.g. rounding and granulation), started to detach from the 
coverslip from 10 h p.i. The few cells that were still 
attached to the coverslip at 14 h p.i. all exhibited an 
enormous increase in [C;r " ),.
Two possible mechanisms may explain the rise in 
(CV ’ I,. One possibility is that the virus induces the influx 
of  extracellular ( V  ‘ .  Alternatively, the virus may release
«  %
Ca: ’ from intracellular stores. To examine this, the \ Civ ‘ h 
in CBV3-infected HeLa cells that were supplied with 
medium without Ca*" was measured. In the absence o f  
extracellular C'a'", no increases in I C a ' 111, were observed  
(data not shown). Moreover» lowering o f  the external t V  * 
concentration o f  cells  exhibiting an increase in lCa: i li
resulted in an immediate decrease in ( C V  |t (see Figure 
2B> lower panel). From this it follows that the C V ! 
responsible tor increasing the [Ca; * |, com es mainly from 
the external medium.
Leakage of Ca2* from the endoplasmic reticulum 
during infection
We have measured the inducible Ca"h release o f  FR stores 
at various times during infection using thapsigargin, a
specific inhibitor o f  the HR Ca“ ’ -ATPa.se iLytton t i  til.< 
1991). This Ca“ ' -ATPase transports C'a*’ from the cyto­
plasm into the FR, an activity that is required to com pen­
sate for the continuous leakage o f  stored Ca'* through
3520
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content o i  the ER in CBV3-infected cells at various times post-infection. HeLa cells grown on coverslips were
5tt per cell for 30 min at room temperature and grown at 37°C. At the indicated times, first the average
&). The cells were then stimulated with 1 thapsigargin following a 10 min incubationw as
average t hapsi garg in - i ndueed peak increase in [Ca~f jj, a reflection of the ER Ca~+ content, was determined.
présentât!ve traces measure 
p.i. relative la that
it 4
ce are
8 h pj. are shown in (B). Peak increases in response to thapsigargin measured hourly between 1 and 10 h
n in (Cl. Data in (A) and (C) are means ±  SEM of measurements of two independent experiments.
vua
cells |>er group, all groups lying in the same area of the coverslip) were analysed in each experiment. (D) Kinetics of
„a ce
rase
avers were transfected with I jig of copy RNA transcripts of pCB3/T7-LUC, a subgenomic CBV3 replicon 
ace of the capsid coding region. At various times post-transfection, cells were lysed and the lueiferase activity
w as
%*:4 <r
?$r t y h* ;ï% !il *  | .  m t
: at ER is not
i la t t e r
t h e  s i x e  o f  t h e  t h a p s i g a r g i n -
in Ca a %
c
%
a t f e f i :p\i\I# A
I 1 m 1 ’ * 4.a c e & w i t h
th a t  t h e
C t l lT Pi g u i  V
2 B  ( m i d d l e  a n d  l o w e r  p a n e l ,  r e s p e c t i v e l y ) .  T h e  r e l a t i v e  
r e s p o n s e s  t o  t h a p s i g a r g i n  m e a s u r e d  h o u r l y  b e t w e e n  1 a n d  
1 0  h  p . i .  a r e  s h o w n  i n  F i g u r e  2 C .  F r o m  t h i s  f i g u r e  i t  c a n  
b e  s e e n  t h a t  t h e  v i r u s - i n d u c e d  d e c r e a s e  in  t h e  E R  C a 2+  
c o n t e n t  f o l l o w e d  t r i p h a s i c  k i n e t i c s .  I n f e c t e d  c e l l s  s h o w e d  
i  d e c r e a s e  in  t h e  a m o u n t  o f  r e l e a s a b l e  C a 2+ a t
( p h a s e A t  t h i s  t i m e ,  t h e  t h a p s i g a r g i n - i n d u c e d
i n c r e a s e  in  [ C a ~ + ]i w a s  o n l y  6 5 %  o f  t h a t  o f  c o n t r o l  
c e l l s .  F r o m  2  t o  5  h  p . i . ,  a  r e l a t i v e l y  c o n s t a n t  r e s p o n s e  t o  
t h a p s i g a r g i n  ( - 4 0 %  o f  t h a t  o f  c o n t r o l  c e l l s )  w a s  o b s e r v e d  
( p h a s e  I I ) .  T h e r e a f t e r ,  t h e  i n d u c i b l e  C a 2+  r e l e a s e  r a p i d l y
n o  r e s p o n s ed e c l i n e d  a n d  f r o m  7  h  p . i .  o n w a r d s
t o  t h a p s i g a r g i n  w a s  o b s e r v e d  ( p h a s e  I I I ) .
T h e  k i n e t i c s  o f  C a 2+  d e p l e t i o n  f r o m  t h e  E R  w e r e
c o m p a r e d  w i t h  t h o s e  o f p r o t e i n  s y n t h e s i s .
t r a n s l a t i o n  w a s  v i s u a l i z e d  b y  t r a n s f e c t i o n  o f  H e L a  c e l l s  
w i t h  c o p y  R N A  t r a n s c r i p t s  o f  p C B 3 / T 7 - L U C ,  a  c h i m e r i c  
C B V 3  r e p l i c o n  t h a t  c o n t a i n s  t h e  l u e i f e r a s e  g e n e  in  
o f  t h e  c a p s i d  c o d i n g  r e g i o n  ( v a n  K u p p e v e l d  e t  a l ,
I n
o f
c e l l s ,  t h e R N A  d r i v e s
p o l y p r o t e i n  t h a t  i s  p r o c e s s e d  to
l u e i f e r a s e  a n d  a l l  n o n - s t r u c t u r a l i n v o l v e d  in
R N A
g u a r a n t e e s  t h a t  l u e i f e r a s e
T h e  m o n o c i s t r o n i c  n a t u r e  o f  t h e  R N A
r e p  r e -
seats levels o f  viral proteins produced. Figure 2D shows  
that, in transfected ceils, a triphasic pattern o f  lueiferase 
accumulation was observed; lueiferase activity initially 
increased as a result of translation o f  the input RNA  
(phase I), remained constant between the second and fifth 
hours (phase II), and showed a second increase as a result 
o f  translation o f  newly synthesized chimeric RNA strands 
(phase III). The triphasic kinetics of Ca~ ‘ depletion from 
the ER and those o f  viral protein synthesis are inversely 
proportional. This suggests that a viral protein is directly 
responsible for the leakage o f  ER-stored Ca" ' .
Expression of protein 2B is sufficient to increase 
[Ca2+]j
Transient expression o f  each non-structural protein of  
poliovirus indicated that protein 2B, and also its precursor 
2BC, strongly enhanced membrane permeability to the 
hydrophilic antibiotic hygromyein B (Doedens and 
Kirkegaard, 1995; Aldabe et al, 1996). This ability was 
found to be conserved in CBV3 protein 2B (van Kuppeveld 
et ciL, 1997). To examine whether expression o f  CBV3 
protein 2B was also sufficient to increase [Ca2 ' ),, COS 
cells were transfected with plasmids that allowed efficient 
expression o f  this protein or that encoded no protein. At
2 days post-transfection, the [Ca~f |j in 250 individual 
cells was determined and expression o f  2B was tested by 
immunolluoreseence microscopy.
Figure 3A shows that in the cell cultures transfected 
with the 2B-eneoding plasmid, - 2(K< o f  the cells exhibited 
an increased [Ca2f Ii ( > 5 0 0  nMj. A .similar percentage of  
cells showed reactivity with a polyclonal antiserum against 
2B (Figure 3B). N o  immunoreactivity was observed in 
cell cultures that were transfected with the plasmid that
.w,
encoded no protein. These latter cells displayed a (C'a* * |( 
o f  - 4 0  nM, which is similar to that o f  non-transfeeted 
COS cells. The small portion (~ 3 ^  ) of the cells that 
displayed an elevated |Ca2 f |j ( > 5 0 0  nM) probably repre­
sented necrotic, membrane-permeable cells, the occurrence 
o f  which is most likely due to the electroporation pro­
cedure. That protein 2B is expressed in - 2 0 ' ;  o f  the cells 
and that a similar percentage of cells exhibited an increase 
in [Ca2f J| strongly suggests that 2B is sufficient to 
increase (Ca2 , ]j. Figure 3C shows the [CV‘ 1, in COS 
cells  transfected with the 2B~eneoding plasmid as a 
function o f  time post-transfection.
Protein 2B causes leakage of Ca2* from the 
endoplasmic reticulum
To examine whether protein 2B could also induce leakage 
o f  ER-stored Ca2 ' ,  we compared the HR Ca2 ’ content o f  
COS cells exhibiting an increased [Ca2 '|i  ( > 5 0 0  nMl, 
which were considered as 2B-expressing cells, with that 
o f  cells present on the same coverslip and displaying a 
normal [C a -* |j. The latter cells most likely represented 
non-transfected and non-2B-expressing cells and were 
further used as control cells. Fura-2-loaded cells were 
stimulated with thapsigargin following a 10 min incubation 
in Ca2 MVee medium. At the end of each experiment, the 
thapsigargin-indueed peak increase in [Ca2f I  in individual 
2B-expressing cells and control cells was determined and 
the average peak increase was calculated. Because Ca2 u 
releases at differing [Ca-" ), are not comparable, 2B- 
expressing cells that had not been able to lower their
|C a2f I to control levels during the 10 min incubation in 
Ca2 '-free medium were not considered. A total o f  six 
experiments was performed (between 32 and 48 h post­
transfection). In control cells, the basal | t V * l i  in Ca2 *- 
free medium was -2 0  nM and the thapsigargin-induced 
net change in |C a2 " |, was 50 * 15 nM (mean SHM), 
The net change in [Ca2 ' |, in 2B expressing cells  relative
to that of control cells, which was adjusted to 100*7 in 
each experiment, was on average 41 > 13> (Figure 4). 
These results provide evidence that protein 2B indeed 
induces leakage o f  Ca2 " from HR stores {ƒ* * 0.02).
A cationic amphipathic a-helix in protein 2B is 
required to elevate [Ca2*]}
CBV3 protein 2B contains two hydrophobic domains. One 
o f  these domains (aa 37 54) has the potential to form a 
cationic amphipathic a -h e lix  with a structural arrangement 
typical o f  lytic polypeptides ( van Kuppeveld t i  t i l ,  1996a), 
The second domain uta 63 NO I displays characterist ics o f  
multimeric transmembrane domains (van Kuppeveld et a l , 
1995). To examine the importance o f  these structural 
motifs for the ability o f  protein 2B to increase [Ca2 ’ ],, 
live 2B proteins carrying mutations in these domains  
were tested. Three proteins contained mutations in the 
amphipathic a -helix  {Figure 5 Ai. In protein 2B 
K |41,44,48 |H , the cationic character o f  the helix is dis­
turbed by the replacement o f  the three tv sines with idutamie 
acid residues, In protein 2B ins |44Ih, the amphipathic 
character of the helix is disturbed bv the insertion o f  a
*
leucine. In protein 2B K |4 l ,4 4 | I „  the amphipathy is 
diminished, but not abolished, due to the substitution o f  
two o f  the lysines with leucines. Two proteins contained 
mutations in the second hydrophobic domain. These  
mutations either severely increased i2B S |77 |M /C (75 |M .)  
or decreased (2B l(641S /V [66 |S i  the hydrophobicity o f  
this domain,
COS cells were transfected with plasmid* that expressed  
either w ild type or mutant 2B It seemed possible that the 
mutant 2B proteins might increase [C a ‘ |, in a delayed  
manner. Therefore, the |C\r | t was measured (in 250  
individual cells) after both 30 h (Figure 5B i and 50 h 
i Figure 5 0 ,  the 30 h time point being the time at which  
the number o f  cells displaying a marked increase in [Ca2 ' \t
( > 5 0 0  nM) first reached its maximum fFmure 3 0 .  The
2B proteins carrying mutations K [4l,44,4K |F and ins |44 |L  
were unable to elevate (C a ’ K |r Protein 2B carrying muta- 
tion K (41,44 |L  was still able to increase (Ca * |,, but its 
activity was considerably delaved. The 2B proteins that
*  *  y
carried mutations in the second hydrophobic domain 
exhibited different abilities in increasing (C‘a* ' |,; protein 
2B 1[64|S/V2|661S was unable to elevate [C V  whereas 
protein 2B S |7 7 |M /C [7 5 |M  showed a wild-type 2B
activity in elevating |C a 2 ' | t. Using immunofluorescence,  
it was confirmed that all mutant 2B proteins were expressed  
in - 20> o f  the cells , similar to wild type 2B (data not 
shown). These data demonstrate that both the cationic 
amphipathic a -helix  and the second hydrophobic domain 
are required to increase [t V  \v
Intracellular distribution of protein 2B
To gain more insiuht into the mechanism bv which CBV3
V . V l «
protein 2B affects Ca*" homeostasis, we examined its 
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however, the second hydrophobic domain also appeared 
to be involved in ihis ability, 'This armies against an 
independent role ol’ the amphipathic u-helix (i.e. the 
second model) in increasing membrane permeability. It 
should therefore be considered that multimers o f  2B form 
membrane-embedded pores and that the formation o f  these 
pores depends on a correct positioning o f  the second  
hydrophobic domain in the membrane.
When considering the mechanism by which protein 2B 
increases plasma membrane permeability, the suhcellular 
localization of the protein should be taken into account. 
Studies examining the localization o f  poliovirus 2B 
showed that the protein is contained exclusively centrally 
in the cytoplasm, where is it is associated with the HR- 
derived, membranous vesicles that surround the viral 
replication complex (B ien / et a i , 1994), The possibility 
that the 2B-induced release o f  ER-stored Ca~1 is indirectly
responsible for the increase in plasma membrane perme­
ability seem s unlikely, because the enhancement o f  plasma 
membrane permeability did not rely on the presence o f  
Ca~ ions. In addition* the thapsigargin-induced evacuation  
o f  ER-stored Ca" 4 in non-infected cells had no effect on 
plasma membrane permeability to hygromyein B (unpub­
lished data). Another possibility is that a small fraction 
of  the 2B proteins associate directly with the plasma 
membrane. The immunocytochemical studies reported 
here provide a first indication for this possibility, In C B V >  
infected cells, protein 2B was not only observed centrally 
in the cytoplasm» but also al the plasma membrane le v e l  
Whether these 2B proteins actually represent membrane- 
associated proteins or, alternatively, proteins that are 
associated with viral replication complexes that lie in the 
close vicinity o f  the plasma membrane remains to be 
established. That protein 2B is able to associate with the 
plasma membrane, however, is strongly suggested by the 
plasma membrane labelling observed in 2B-expressing
M  *
I*
A second activity identified for protein 2B is the ability 
to interfere with protein trafficking through the vesicular 
system (Doedens and Kirkegaard, 1995). It could be 
postulated that this activity is indirectly responsible for 
the increase in plasma membrane permeability by alterin 
the protein and lipid composition o f  the membrane, 
However, this possibility seems unlikely for two reasons. 
First, expression of enterovirus protein 3A, which is an 
even more potent inhibitor o f  vesicular protein transport 
than 2B, does not lead to enhanced plasma membrane 
permeability (Doedens and Kirkegaard, 1995). Second, 
analysis o f  the abilities o f  mutant CBV3 2B proteins 
to increase membrane permeability and inhibit protein 
transport suggested that these two activities are separate 
functions o f  protein 2B rather than that one o f  these 
sets is the consequence o f  the other (van Kuppeveld
et a i ,  1997)
It is tempting to speculate that, by forming pores in 
both the ER membrane and the plasma membrane, 2B is 
responsible for the disturbance of ionic gradients and the 
activation o f  phospholipases. Increased phospholipase C
activities have indeed been reported in poliovirus-infectcd  
cells (Guinea et at., 1989) and it is likelv that these
w
contribute to a further disruption o f  the membrane, 
resulting in increased pore sizes, A progressive recruitment 
of 2B proteins may also cause widening o f  the pore. The
idea that 2B forms pores that gradually increase in size is 
consistent with the phenom enology observed in poliovirus- 
infected cells: initially* ionic gradients arc disrupted in 
both directions; then low-molecular weight compounds  
can pass the membrane; and finally enzym es leak out o f  
the infected cells  (Carrasco, 1995K It is likely that this 
membrane damage will ultimately allow release o f  newly  
formed viruses. The observation that polioviruses are 
released exclusively  from the apical surface o f  polarized 
human intestinal epithelial cells  (Tucker et  <//., 1993) may 
be due to a focal distribution o f  2B proteins at the apical 
plasma membrane.
Disruption of intracellular Ca2* homeostasis by 
protein 2B
C BV 3 infection gradually enhances (Ca2 ’ ),, similarly to 
that recently reported in polio virus-infected cells (trurzun 
et a L  1995), The increase in [ t V ’ l, in both C B V 3-  
infected HeLa cells  and 2B-expressing COS cells is mainly 
due to the influx o f  extracellular Ca* '. This influx may be
fT
explained by the increased plasma membrane permeability. 
However, the influx o f  C a2 “ mav also he triggered bv the
*■* Vi*
partial emptying o f  the HR. Reductions in the state o f  
tillim* o f  intracellular Ca2 " stores stimulate the influx of  
C a - k by opening specific Ca2 ' channels in the plasma 
membrane, a phenomenon known as capacitativc Ca 
entry {reviewed bv Berridue. 19951. The capacitativc C V  
entry mechanism is present in many cells  and can be 
switched on bv a meat variety of stimuli, all o f  which
S t  *
A
share a com m on property o f  releasing stored Ca* ‘ (Putney 
and Bird, 1994). Capacitativc C ; r H entry is therefore 
likelv to occur in both CBV3-infccted HeLa cells and
*
2B*expressing C Ü S cells. The relative contribution and 
importance of the capacitativc Ca; " entry in increasing 
the [Ca2 * 1, is difficult to define because the time at which  
the (Ca2 ' I, starts to increase in infected cells (i.e. from 
4 h p.i.) is the same as that at which the permeability o f  
the plasma membrane starts to increase t Carrasco* 1995). 
Besides, the capacitativc ( a2 1 entry channel has not been 
idemilied and specific inhibitors are as yet unknown.
It seems plausible that protein 2B releases C V  ‘ from 
the HR by increasing the permeability o f  the HR membrane. 
However, alternative mechanisms should be considered.
The release o f  HR-stored C'a"h could be caused bv:
*
(i) the enhanced activity o f  phospholipases* generating 
increased levels o f  inosito l-L 4 ,5 -trisphosphate ( l f \ ) ;  (ii) a 
direct inhibition o f  the HR c V  " ATPase; tu* (iii) a direct 
stimulation o f  the HR H \  receptor. The first possibility  
seems unlikely because increased levels o f  IP* in 
poliovirus-infeeted cells  were detected only at 3 4  h p.i. 
(Guinea et tiL, 1989)* whereas the Ca2 content o f  the 
HR is already decreased at I h p.i. Direct interactions of  
protein 2B with the HR Ca2 "-ATPase or the HR
receptor also seem  unlikely, since we have demonstrated 
that mutations that abrogate the membrane-disturbing 
potential o f  2B also abolish its ability to increase |C a2 ‘ |,. 
However* the possibility that membrane-embedded 2B 
proteins sterically influence the functioning o f  these pro«* 
teins cannot be excluded.
now, only one other viral protein capable of 
mobilizing Ca2'* from the HR has been identified; rotavirus 
NSP4. This non-struetural HR transmembrane glycoprotein  
contains a predicted amphipathic a -helix  and this helix
3528
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of  cellular translation, the rate of viral translation, viral 
mi tuts-si rand and plus strand RNA replication, virion 
assembly and v im s release. This latter process, however, 
appeared to be potentiated by increases in [C ;r ' | , .  The 
reason for this is unknown. A possible explanation is that 
the elevated [CV* li is cytotoxic and enhances cell lysis. 
Increases in jca^' jj have been shown to be involved in 
animal virus-induced eytopathic effects and cell killing 
(Nokta et a l , 19H7; Miehelangdi et a l , 1 V)S> t ; Tian et a l , 
1994; Sanderson et a l , 1996). Whether the increase 
in [Cu2, li in CBV.Vinfeeted cells also contributes to 
cytopathology, and whether this contributes to virus 
release, remains to be established.
Putative function of the mobilization of Ca2* from 
the ER in viral genome replication
We have shown that CBV3 protein 2B enhances membrane 
permeability and that this activity serves to release virus 
progeny. However, it seems unlikely that this is the only 
function of 2B. Mutations in the 2B gene that disrupt 
essential structural domains abolish vRNA replication and 
virus growth (van Kuppeveld et u L  1995. I996a*b). If the 
only function of 2B were to modify plasma membrane 
permeability in order to release virus progeny* then gen­
omic R N A s carrying mutations in their 2B gene would  
be expected to be replicated and eneapsidated to produce 
viruses that accumulate in the c e l l  Additional functions 
o f  2B connected with its ability to disturb membrane 
integrity should therefore be considered. A possible  
explanation is that the release o f  ER-stored Ca- * is 
required for vR N A  replication. Viral plus-strand RNA  
synthesis takes place at the outer surface o f  virus-induced 
membrane vesicles that originate from the ER (B ien /  
et til* 1994). Protein 2BC has been identified as the viral 
protein responsible for the induction o f  these vesicles  
(Bien/, et a l , 1983; Cho et u l ,  1994; Barco and Carrasco. 
1995). The function of 2B in precursor 2BC may involve  
its ability to release HR-stored C V \  The HR contains a 
gel o f  Ca-'f'-binding proteins that is responsible for the 
sequestration of Ca*' " ions. These Ca -binding proteins 
form coordination complexes with Ca'* ions that are 
bound to the negatively charged phospholipid head groups 
on the luminal face of the ER membrane, thereby stabiliz- 
ing the underlying membrane and preventing its vésicula­
tion (Sambrook, 1990). it has been predicted that transport 
vesicles derived from the ER normally bud from regions
ot membrane that are not stabilized by the C a - 8 protein 
gel. The artificial evacuation of C a - ■' ions from the lumen 
o f  the ER that occurs when cells are treated with C ; r r 
ionophores has been proposed to destabilize the entire 
Ca2'*-protein gel and its associated membrane, leading to 
a mass vésiculation (Sambrook, 1990). By analogy with
w  V .  *
the effect o f  the ionophores. the release o f  ER-stored Ca*- " 
by the 2B polypeptide in protein 2BC may be involved  
in the massive induction o f  ER-derived membrane vesicles  
by 2BC (Figure 9), According to this model, mutations 
that disrupt the ability of 2B to enhance membrane 
permeability will interfere with the ability o f  protein 2BC  
lo  induce these membrane vesicles and thereby account
m
for the defects in vRNA replication and virus growth. 
The exact mechanism by which protein 2BC induces 
membrane proliferation and vesicle accumulation is still 
puzzling. The release of ER-stored Ca'* mav be involved*
but is clearly not sufficient for these activities, as protein 2B 
alone is unable to account for these structural alterations. 
Therefore, a function o f  protein 2C in precursor 2BC  
seems also to be required. Protein 2C has been identified 
as an NTPase that shares structural similarities with the 
group o f  small GTPases involved in the regulation o f  
vesicle transport {Rodriguez and Carrasco, 1993; Mirzayan 
and Wimmer, 1994), but its exact function is unknown, 
Further investigations are required to detine the contribu­
tion o f  proteins 2B and 2C to the ability o f  protein 2B C  to 
rearrange membranes and to induce membranous vesicles.
Materials and methods
Cells, media, virus Infections end titrations
COS ! cells were grown in Dulbecco‘s modified Ha«le\s medium 
iCubcoi, He! a Ohio cells were grown in minima) cnem ia l  medium 
tMHM» tCîibcoi. Media were supplemented with 10S tout! bovine scrum 
(FUS). KHl 17mI penicillin ami 100 mg/ml streptomycin. Celts were 
grown at 3TfC in a 5 ‘ r CO* incubator.
C V  ' free Mt*M was the sauve as regular M t;.M except that it lacked 
C aC U  In experiments m which the effects ot extracellular Ca" * weie 
assayed, as C ;r  " containing medium sve used t v ’ 1 tree medium to 
which CaCf. was added to a linal concentration ol I K iiiM, Both media 
were adjusted to pH ? 3 To ( ‘a* ” tree Ml-M. 0 5 mM ethylene glycol» 
l)istß>amino ethyl ether kV.XA „V tetraacetic acid tfvUTAk pH 7.3» was 
added immediately before use 
All viruses used in this study are recombinant CHV3 viruses derived 
from plasmid pCH V Ï t  t Klump rt a l  . NMO>, winch contains a full- 
length eDNA ot CBV '  strain Nancy behind a T Î  RNA polymerase 
promoter, I lei a Ohio celt monolayers were mtected with virus at the 
indicated m o j ,  for 30 min at room tem|terature.. After this, celts were 
washed three titties with phosphate buttered saline tfHiSi, supplied with 
NU'N! twith or without Ca**“ ) containing 3*'$ I BS. and grown at 37 C 
Virus yields were determined bv endpoint titration Serial 10 fold
V y- %
dilutions were testet! tu eight replicative wells ot ‘Howell plates as 
descrihed tvan Kuppeveld rf **/.., IW5* Virus tares were calculated aiul 
expressed as T C ID ^  values iReed and Mueucli. 10AHi
Measurement of { *  J,
I C a ' k  was measured by usine the Huotovcni Ca 1 indicator lura 2 
essentially as described previously t Willems ri id ,  I mm *i Bricilv. at 30 
min M o t e  measurement. the cells weie incubated m new medium 
containing 2 5 jiM h ira-2 m its membrane |vruu\u tt  acetoxymethyl 
i AM I ester t'oim I Molecular IVolv, Inc,, t*‘ugeiK\ ORi, Cells were 
incubated tor 30 nun at 3?"C and then washed three times with medium 
to remove extracellular pruln\ Cells were supplied with preheated 
medium and the coverslip was introduced to a thcrinostattcd i37 O  
incubation cham k'i mi the stage of an inverted fluorescence microscope 
(Nikon Diaphon Routinely, an epitluorescent *10 magnification oil 
immersion objective was used, altowmg simultaneous monitoring ot
single cells Dynamic video imaging was earned out using 
the MauiCul hardware and TARIHS software tJovce l.oebl, UK).
t . ,  z
Fluorescence was measured evetv 2 s with the excitation wavelength
* K
he ins altered between MO and 3 SO mu and the emission Uuorescence 
being recoriled at -PJ2 nm thindmg of Ca*' shifts the absorbance spectra 
lit mi 3K0 to 340 nms At the end ot each exjvnm ent. a region free ot 
celts was selected and one averaged background trame was collected at
* * A 1
each excitation waveleneth The averaged background liâmes were
?*• t  * . è
subtracted from the corresponding experimental frames Alter this, the 
Uuorescence ratio H, which equals /  i V-,. wheie /  }{M and / ■,^ » are 
the emission intensities at 34ÏJ and 3H0 nm excitation, vespeciivety. was 
calculated. (Ca*RI was calcula teil u.sing the equation | t \ r  ' |, (A*
K v n n where Htn,n and ate the minimum and 
maximum Uuorescence ratios, obtained in the presence o t 10 mM KCiTA 
and 1 jiM ionomyem t Sigma). res|îec lively, and fJîiun and f‘‘WAX are the 
emission Uuorescence values at 3S0 nm at these two extreme conditions. 
The equilibrium dissociation constant * A,?i for the C ;r  * -lura-2 complex 
at SI t 4 was taken to Ik* 224 nM ittrynkiewic/ ri u ! , lMS5i.
Measurement of Ca2 * release from endoplasmic reticulum
stores
Cells i»ri coverslips were loaded with tura 2 as described above and 
placed on the stage ot the microscope, After recording cells in C a ' ' •
3530
containing medium, the medium was replaced with 200 pi of Ca2 1 -free 
medium. After JO min, 800 jliJ of Ca21 -free medium containing J pM 
(final concentration) thapsigargin (LC Services. Woburn, MA) was 
added. The |C a : f 1, was measured as described above.
Plasmids
For the expression of both the wild-type CBV3 2B protein and the 
mutant 2B proteins, sve made use o f  previously described pC2Ba6 
plasmids (van Kuppeveld a  ai., 1997). These dicistronie plasmids were 
constructed by cloning of the coding region of 2B, with an additional 
methionine at its 5' end and a slop codon at its 3' end, as the first 
eistron in plasmid pLINKcxfi. The plasmids contain an SV40 origin of 
replication to allow their amplification in COS-1 cells and an SV40 late 
promoter to drive transcription of RNA.
Transfections
COS-1 cell monolayers grown to eonfluency of 70% were harvested by 
trypsini/atioiu collected by centrifugation for 5 min at 1500 g ,  and 
resuspetuied in PBS lo a density of I X1 0 7 cells per ml. 2XI ( f  COS-1 
cells were transfected with 15 pg of plasmid DNA by electroporation 
at 300 V and 125 pF  using the Gene Puiser (Biorad). After electroporation, 
cells were resuspendcd in fresh medium and seeded onto coverslips 
(diameter, 2.4 cm) placed inside the wells of six-well plates. Cells were 
seeded al a density of 2X10* cells per well and grown at 37°C until 
further analysis.
Transfection o f  HeLa cell monolayers with in wY/rMranscribed copy 
RNA of chimeric replicon pCB3/T7-LUC and measurement of the 
lueiferase activity were performed as described (van Kuppeveld et al., 
1995).
Indirect immunofluorescence
Transfected COS-1 cells grown on coverslips were fixed by treatment 
with cold methanol, followed by treatment with cold acetone, each for
2 min. The coverslips were incubated for 1 h at 37°C with rabbit 
polyclonal serum raised against CBV3 protein 2B (kind gift from the 
laboratory of R.Kandolf, University o f  Tübingen, Germany) that was 
diluted 1:40 in PBS. After two washes with PBS, the coverslips were 
incubated for 1 h at 37UC with fluorescein tsothioeyanute-eonjugated 
goat-unti-rahhit IgG (Cappel Laboratories, Cochranville, PA), which was 
diluted 1:40 in 0 .2‘,'f Evans blue/PBS, The coverslips were washed with 
PBS, dried, overlaid with a 1:1 mixture of glycerol and PBS, and viewed 
with a Leitz dialux 20 MB microscope. The percentage of protein- 
expressing cells was determined dt* vixu o f  500 celts,
Immunoelectron microscopy
CBV3 infected HeLa cells and transfected COS-1 cells were harvested 
by scraping in MHM without PBS und collected by centrifugation for 5
min at 1500 t*. After fixation in periodate.lysine-2% paraformaldehyde
for 2 h at room temperature, cells were pelleted in 15% gelatin. Gelatin 
pellets were cut into small blocks, cryoproteeted in 2.3 M sucrose for 
45 min, and snap*frozen in liquid nitrogen. Cryostat sections (25 pm) 
were washed with PBS and incubated in 50 mM glycine, pH 7.4, for 10 
min. After two washes in PBS. the sections were incubated overnight at 
4 ‘T  with anti-2B serum (see above) that was diluted 1:40 in 1% bovine 
serum albumin (BSA)/PBS, Sections were washed in PBS and incubated 
for 1 h wiih goat-anti-rabbit antibodies, coupled to colloidal gold of 
I nm (Nanoprobes Immunosource, Stony Brook, NY), that were diluted 
1:50 in Hi BSA/PBS. This was followed bv a I h incubation in PBS
V'
and post-tixation with \ l < glutaraldehyde/PBS. After three washes in 
distilled water, the gold .signal was enhanced using HQ silver (Nanoprobes 
Immunosource) for 7 min. Sections were incubated overnight in distilled 
water and treated with 1 ‘t OsCXj for 30 min. After this, they were 
dehydrated in alcohol, embedded in Ppon 812, and viewed with a JEOL 
1200 1*;X II electron microscope.
Analysis of viral protein synthesis in vivo
HeLa cell monolayers wem infected at an m.o.i. of 25 TCIDw per cell. 
After infection, cells were supplied with MEM, with or without Ca2‘\  
and incubated at 37 °C. At various times post-infection, protein synthesis 
was monitored by pulse labelling with 10 jiCi of Traiv^S-label (a mixture 
o f  | ‘'\S |melhionine and [^Sjcysteine, ICN) in methionine- and serum- 
free MUM or methionine- and serum-free MEM without CaCN tor 30 
min. Lysis of cells and analysis of labelled proteins by sodium dodecyl 
sulphate (SDS)~ polyacrylamide gel electrophoresis was performed as 
described previously (van Kuppeveld et al., 1995).
In experiments in which the permeability of cells to hygromyein B 
was assayed, cells were incubated in methionine- and serum-free MEM,
with or without Ca2+, and in the presence or absence of 500 jig 
hygromyein B (Sigma) per ml, for 15 min before the addition o f  10 jlCi 
of Tran* 5S-label to the medium.
Viral growth curves
Confluent HeLa cell monolayers in Ti25 flasks were infected with virus 
at an m.o.i. of 5 TCID50 per cell. After infection, cells were supplied 
with 5 ml of MEM, with or without Ca2+, and grown at 37°C. At the 
indicated times post-infection, flasks were subjected to three cycles of 
freezing and thawing to release intracellular viruses. Viruses contained 
in these flasks represented the total virus population (i.e. extracellular plus 
intracellular virus). Viras titres were determined by endpoint titration.
In experiments in which the release of viruses from the cells was 
studied, 1 ml of medium was removed before freezing o f  the flasks. 
This sample was microcentrifuged for 5 min at 1500 g to remove intact 
cells. The titre of extracellular viruses maintained in the supernatant was 
determined as described above.
Propidium iodide uptake
HeLa cell monolayers were infected with CBV3 at an m.o.i. of 5 TCID50 
per cell. After infection, cells were supplied with MEM, with or without 
Ca-+, and grown at 37°C. At the desired time post-infection, the medium 
was collected. Cells remaining at the surface o f  the flask were harvested 
by incubating in 1 ml of PBS containing 50 mM EDTA and combined 
with the medium. Cells were collected by centrifugation for 5 min at 
1500 g and resuspended in 300 pi of medium. Propidium iodide (Sigma) 
was added to a final concentration of 5 pg. Cells were incubated for 10 
min at room temperature. The number of permeable cells was determined 
using a Coulter XL flow cytometer (Coulter Corp., Hialeah, FL).
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